Abstract: Nivolumab is a monoclonal antibody that blocks the interaction between programmed cell death 1 (PD1) and programmed cell death 1-ligand 1 (PD-L1), resulting in enhanced antitumor activity by the immune system. Nivolumab is currently approved by the US Food and Drug Administration (FDA) for melanoma, non-small cell lung cancer (NSCLC), renal cell carcinoma, classical Hodgkin lymphoma, squamous cell carcinoma of the head and neck, and urothelial carcinoma. PD-L1 IHC 28-8 pharmDx is FDA-approved as a complementary diagnostic for immunohistochemical (IHC) detection of PD-L1 in non-squamous NSCLC and melanoma. We report validation of PD-L1 IHC 28-8 pharmDx for PD-L1 detection on formalinfixed, paraffin-embedded human melanoma specimens using Autostainer Link 48. A prevalence assessment of 104 melanoma specimens indicated that PD-L1 was detected across the full expression level range (0% to 100% of tumor cells). Assay robustness and precision studies were conducted at Agilent Technologies, with additional reproducibility studies performed at 3 external laboratories. Precision studies evaluated at ≥ 1% and ≥ 5% expression levels revealed a range of average negative agreement from 89.5%, 95% CI (83.2, 93.6) to 100%, 95% CI (97.3, 100), and average positive agreement from 85.5%, 95% CI (77.6, 90.9) to 100%, 95% CI (97.9, 100). For external reproducibility, precise results were obtained. These results demonstrate PD-L1 IHC 28-8 pharmDx is a precise, robust, and reproducible assay for determining PD-L1 expression in melanoma. This is the first PD-L1 IHC test to receive FDA approval as a complementary diagnostic in melanoma patients whereby positive PD-L1 expression is correlated with the magnitude of nivolumab treatment effect.
A landmark therapeutic innovation occurred in 1996 when Dana R. Leach 1 proposed immune checkpoint blockade as a strategy to treat cancer. Under normal physiological conditions, immune checkpoints maintain self-tolerance and protect tissues from damage during infection by balancing the costimulatory and coinhibitory signals that regulate T-cell response. 2 One of the major hallmarks of cancer is evading host immunity by dysregulation of these immune checkpoints. 3 Cytotoxic T-lymphocyte associated antigen-4 (CTLA-4), a receptor expressed on the surface of activated T cells, was one of the first immune checkpoint molecules to be investigated in oncology. 1, 2 Discovery of CTLA-4 led to the development of ipilimumab, a human monoclonal antibody that blocks CTLA-4. 1, 4 Ipilimumab is the first immune checkpoint inhibitor approved by the US Food and Drug Administration (FDA), with indications for treating patients with advanced melanoma. 4 Programmed cell death 1 (PD-1) is another immune checkpoint receptor with important implications in cancer. 2 Binding of PD-1 on activated T cells to its ligands, programmed cell death 1-ligand 1 (PD-L1) and programmed cell death 1-ligand 2 (PD-L2), on tumor cells can suppress antitumor immunity. 2, 5, 6 PD-L1 is a transmembrane protein that is normally expressed on the cell surface of antigen presenting cells, but can also be expressed by a wide range of tumor cell types. 7 PD-L1 expression can be induced on melanoma cells by immune stimulating cytokines produced by T cells as a mechanism of adaptive immune resistance. 8 Therapeutically blocking the PD-1/PD-L1 interaction may enhance antitumor immunity. 2 Nivolumab is a PD-1-blocking human monoclonal antibody that has demonstrated improved overall survival (OS) versus standard of care in patients with advanced melanoma and is approved by the FDA for this indication, as well as for metastatic non-small cell lung cancer (NSCLC), advanced renal cell carcinoma, classical Hodgkin lymphoma, recurrent or metastatic squamous cell carcinoma of the head and neck, and locally advanced or metastatic urothelial carcinoma. 9 The advancement of precision medicine has accelerated the necessity to codevelop "companion" or "complementary" in vitro diagnostics (IVDs) during drug clinical trials that may identify patients most likely to benefit from treatment, help monitor treatment response, and characterize patients at increased risk of treatmentrelated adverse events. 10, 11 A companion IVD is defined as required for the therapeutic product's safe and effective use. 10 In contrast, a complementary IVD is not required for treatment use, but provides clinically meaningful information that aids in the benefit-risk decision regarding treatment and is described in the treatment labeling. 11, 12 Both companion and complementary IVDs are held to the same assay performance standards. The FDA approved the validated PD-L1 IHC 28-8 pharmDx assay as a complementary diagnostic for second-line treatment of non-squamous NSCLC patients with nivolumab. 12, 13 The complementary designation for PD-L1 IHC 28-8 pharmDx is based on clinical data showing a survival advantage across non-squamous NSCLC patient populations, regardless of PD-L1 expression level. 12 PD-L1 expression has been investigated as a potential biomarker of nivolumab efficacy in previously untreated advanced melanoma patients using PD-L1 IHC 28-8 pharmDx. [14] [15] [16] In clinical trials, PD-L1 positivity was defined as PD-L1 complete circumferential and/or partial linear cell membrane expression at any intensity in at least 1% or 5% of tumor cells in a tissue section with a minimum of 100 tumor cells. The ≥ 1% and ≥ 5% PD-L1 positivity expression levels were based on preliminary evidence indicating a reasonable frequency of PD-L1 positivity that effectively divided the patient population, and were associated with a numerically higher objective response rate (ORR) among PD-L1 positive versus PD-L1 negative patients. 13 In the phase I CheckMate 069 study, where nivolumab plus ipilimumab demonstrated greater ORR and progression-free survival (PFS) versus ipilimumab alone, PD-L1 expression was not associated with ORR. 14 In the phase III CheckMate 066 study, where nivolumab provided significant improvements in OS, PFS, and ORR versus dacarbazine, PD-L1 status was not clinically useful, as patients demonstrated improved OS with nivolumab versus dacarbazine regardless of PD-L1 status. 15 However, in the phase III CheckMate 067 study, where nivolumab alone or combined with ipilimumab resulted in significantly longer PFS than ipilimumab alone, patients with PD-L1 tumor expression showed improved PFS following nivolumab-plus-ipilimumab therapy, compared with nivolumab monotherapy. 16 Patients with PD-L1-positive tumors showed similar prolongation in PFS with combination therapy and nivolumab monotherapy compared with ipilimumab monotherapy. 16 These results suggest that melanoma patients with PD-L1-negative tumors may derive greater benefit from nivolumab combined with ipilimumab than from nivolumab alone. Findings from the CheckMate 067 study served as the basis for the FDA approval of PD-L1 IHC 28-8 pharmDx as a complementary IVD in melanoma.
The PD-L1 IHC 28-8 pharmDx assay was analytically validated for the detection of PD-L1 protein on formalin-fixed, paraffin-embedded (FFPE) human melanoma specimens using the Autostainer Link 48. Similar to companion diagnostics, PD-L1 IHC 28-8 pharmDx is a class III IVD complementary diagnostic device and requires premarket approval to verify the safety and effectiveness of the assay. The validated PD-L1 IHC 28-8 pharmDx is the only FDA-approved complementary diagnostics for use in patients with either non-squamous NSCLC or metastatic melanoma considering nivolumab treatment. We examined the robustness, precision, and reproducibility of PD-L1 IHC 28-8 pharmDx on the Autostainer Link 48 staining platform.
MATERIALS AND METHODS

Tissue Specimen Preparation and PD-L1 IHC 28-8 pharmDx Assay
All specimens used in these studies were prepared and PD-L1 IHC 28-8 pharmDx (Agilent Technologies, Santa Clara, CA; Dako Code SK005) staining was performed as previously described by Phillips et al, using Dako PT Link Pretreatment Module (Agilent Technologies; Dako Code PT100) and Autostainer Link 48 (Agilent Technologies; Dako Code AS480). 13 All instructions on how to run the assay are found in the PD-L1 IHC 28-8 pharmDx instructions for use (IFU). 17 Cell line control slides supplied with PD-L1 IHC 28-8 pharmDx were used as run controls as per the product IFU. 17 
Blinding and Randomization
For PT Link incubation time and temperature, target retrieval solution (TRS) pH, precision/repeatability, and external reproducibility studies, stained slides were blinded and randomized to avoid bias during scoring. These slides were evaluated in a random order according to a randomization key, generated using Minitab 17 or Microsoft Excel, and documented before the interpretation of staining.
Interpretation of Staining
PD-L1 protein positivity was defined as complete circumferential or partial linear plasma membrane staining of tumor cells at any intensity. Cytoplasmic staining and melanin pigmentation, if present, were disregarded. Because melanin and DAB are similar in color, the presence of melanin can interfere with slide interpretation. For each slide stained with PD-L1 positive antibody, there was a sequential slide stained with Negative Control Reagent (NCR). Comparison to the NCR slide was useful for identifying melanin content and differentiating it from DAB chromogen. Any brown staining found on the NCR slide was recognized as nonspecific staining or melanin pigment, and therefore excluded when scoring the PD-L1 positive slide. Positively stained tumor-associated immune cells were excluded from the computation of the percentage scores. Studies were focused on agreement for PD-L1 positivity as defined at ≥ 1% and ≥ 5% tumor cell expression levels. Cases were classified as PD-L1 positive if percent positivity of tumor cells was scored as greater than or equal to each respective expression level, whereas cases were considered PD-L1 negative if percent positivity of tumor cells was scored below the expression level value. A minimum of 100 viable tumor cells must have been present to determine the percentage of stained cells. Nonspecific or background staining was recorded on a 0 to 3 intensity scale using 0.25 grade increments. Specimens stained with the NCR were required to have a score of 0 specific membrane staining and ≤ 1 nonspecific or background staining.
Prevalence Studies
Prevalence studies were conducted to evaluate the performance of PD-L1 IHC 28-8 pharmDx for detection of PD-L1 in a range of expression levels in FFPE human melanoma tissue specimens. The test set was comprised of 104 unique cases, including primary tumors and metastatic tumors, and stages I-IV disease. 
Robustness Studies
Precision/Repeatability Studies
Studies were conducted to demonstrate precision when staining specimens with PD-L1 IHC 28-8 pharmDx. FFPE melanoma specimens were tested with the following precision conditions: 1. Inter-instrument: Single analyst operating 5 different instruments.
2. Inter-analyst: 6 different analysts operating a single instrument. 3. Inter-day: Single analyst operating a single instrument over 5 nonconsecutive days. 4. Intra-run: Single analyst operating a single run on a single instrument, testing replicates of each specimen. 5. Intra-lot: Multiple PD-L1 primary antibody vials from within one lot of assay reagents. 6. Inter-lot: 3 lots of assay reagents and TRS.
Precision testing was based on pair-wise comparisons of runs across the different precision conditions.
External Reproducibility Studies
Studies were also conducted at 3 external Clinical Laboratory Improvement Amendments (CLIA) certified clinical labs to demonstrate reproducibility when staining and evaluating melanoma specimens with PD-L1 IHC 28-8 pharmDx. Two separate studies were conducted to assess combined inter-site, intra-site, inter-observer, and intra-observer reproducibility for the ≥ 1% and ≥ 5% expression levels. The clinical labs were trained on the use of the assay, and 5 independent IHC runs were performed on 5 nonconsecutive days at each lab. Inter-site assessments consisted of 24 FFPE melanoma specimens at the ≥ 1% expression level and 18 FFPE melanoma specimens at the ≥ 5% expression level; blinded and randomized unstained tissue sections were supplied to each test site. Intra-observer and inter-observer assessments consisted of a single set of stained slides, prepared at Agilent Technologies and provided to the 3 study sites. A certified clinical pathologist at each site, who was previously trained on the interpretation of stained slides with our comprehensive pathologist training program, scored this blinded set (n = 30) a total of 3 times. The slides were randomized and a washout period was imposed between the individual pathologist's scoring sessions. A 2-week wash-out period was utilized to score specimens at the ≥ 1% expression level. Specimens at the ≥ 5% expression level were scored with a 4-day wash-out period.
RESULTS
Calculations for percent agreements were performed according to Clinical and Laboratory Standards Institute (CLSI) guidelines, 18 using Average Negative Percent Agreement (ANA), Average Positive Percent Agreement (APA), Overall Percent Agreement (OA), and 95% confidence intervals (CI).
Prevalence Studies
Sensitivity and specificity of the anti-human rabbit monoclonal 28-8 PD-L1 antibody were previously described and performed in cell lines, FFPE cell pellets, FFPE NSCLC tissue, and on a panel of normal FFPE tissues. 13 To further assess PD-L1 IHC 28-8 pharmDx the prevalence of PD-L1 protein expression in FFPE melanoma tissue was evaluated. Prevalence testing was performed on a set of unique melanoma cases (n = 104) which exhibited staining across the range of 0% to 100% positive tumor cells, and 0 to 3 staining intensity (Fig. 1) . PD-L1 prevalence was 52% (n = 54/104) of specimens expressing ≥ 1% PD-L1 and 36% (n = 37/104) expressing ≥ 5% PD-L1 (Table 1) .
Robustness Studies
Robustness studies were performed to evaluate the staining performance of PD-L1 IHC 28-8 pharmDx under various laboratory conditions including: tissue section thickness, microscope slide type, PT Link incubation time and temperature, TRS pH, and TRS reuse. Slides were blinded and randomized for PT Link incubation time and temperature and TRS pH studies. Specific robustness study results are presented for the ≥ 1% and ≥ 5% expression levels in Table 2 . ANA and APA for ≥ 1% and ≥ 5% expression levels for tissue section thickness, microscope slide type, and TRS reuse were 100% (95% CI, NA) ( Table 2) . ANA for the PT Link time and temperature for ≥ 1% expression level was 95.3%, 95% CI (90.0, 97.9) and APA was 96.7%, 95% CI (93.0, 98.5); for ≥ 5% expression level was ANA was 97.0%, 95% CI (93.5, 98.6), and APA was 94.6%, 95% CI (88.6, 97.6) ( Table 2) . These results indicate that, within the parameters tested, the assay demonstrated robust performance.
Precision/Repeatability Studies
To demonstrate the ability of PD-L1 IHC 28-8 pharmDx to produce consistent and precise results in normal day to day testing, precision studies were performed including: inter-instrument, inter-analyst, interday, intra-run, intra-lot, and inter-lot. Specific precision study results are presented for the ≥ 1% and ≥ 5% expression levels in Table 3 . ANA for inter-instrument studies at the ≥ 1% expression level was 89.5%, 95% CI (83.2, 93.6) and APA was 90.5%, 95% CI (84.8, 94.2); ANA for ≥ 5% expression level was 90.8%, 95% CI (85.7, 94.2) and APA was 85.5%, 95% CI (77.6, 90.9) ( Table 3) . ANA for inter-day at the ≥ 1% expression level was 95.5%, 95% CI (90.3, 97.9) and APA was 96.8%, 95% CI (93.1, 98.6); ANA and APA for ≥ 5% expression level were both 90.0%, 95% CI (84.0, 93.9) ( Table 3) . ANA for inter-lot for ≥ 1% expression level was 98.6%, 95% CI (97.3, 99.3) and APA was 98.8%, 95% CI (97.8, 99.4); ANA for ≥ 5% expression level was 92.6%, 95% CI (90.6, 94.2) and APA was 86.6%, 95% CI (83.1, 89.5) (Table 3) . Overall, the above results indicate that PD-L1 IHC 28-8 pharmDx produces precise and repeatable results in normal day to day testing. 
External Reproducibility Studies
To evaluate the inter-site, intra-site, inter-observer, and intra-observer reproducibility of PD-L1 IHC 28-8 pharmDx, external reproducibility studies were performed at 3 independent CLIA-certified external clinical laboratories. External reproducibility results are presented for the ≥ 1% expression level in Table 4 . At the ≥ 1% expression level for the inter-site studies, ANA was 91.7%, 95% CI (89.0, 94.5), and APA was 89.6%, 95% CI (86.0, 93.2) ( Table 4 ). For inter-observer at the ≥ 1% expression level ANA was 87.5%, 95% CI (83.8, 91.2), and APA was 88.7%, 95% CI (85.4, 92.0) ( Table 4) .
Examining agreements at the ≥ 5% expression level, shown in Table 5 , inter-site was 93.8%, 95% CI (92.5, 95.1), and APA was 92.7%, 95% CI (91.2, 94.2) ( Table 5) . ANA for inter-observer was 93.2%, 95% CI (91.3, 94.8), and APA was 91.9%, 95% CI (89.8, 93.9) ( Table 5) . The above studies indicate that PD-L1 IHC 28-8 pharmDx is reproducible for the detection of PD-L1 in FFPE melanoma specimens when using the Autostainer Link 48 platform as prescribed by the product IFU. ANA indicates average negative percent agreement; APA, average positive percent agreement; CI, confidence interval; CN, concordant negative pairs; CP, concordant positive pairs; Disc, discordant pair-wise comparisons; FFPE indicates formalin-fixed paraffin-embedded; IHC, immunohistochemistry; NA, not available; OA, overall agreement; PD-L1, programmed cell death 1-ligand 1; T, total pairs; TRS, Target Retrieval Solution. ANA indicates average negative percent agreement; APA, average positive percent agreement; CI, confidence interval; CN, concordant negative pairs; CP, concordant positive pairs; Disc, discordant pair-wise comparisons; FFPE, formalin-fixed paraffin-embedded; IHC, immunohistochemistry; OA, overall agreement; PD-L1, programmed cell death 1-ligand 1; T, total pairs.
DISCUSSION
A number of FDA-approved PD-L1 IHC IVD assays are currently available using different primary antibodies, assay platforms, scoring algorithms, and expression levels. These have been utilized in numerous clinical trials to detect PD-L1 expression as an indicator of clinical efficacy for several immune checkpoint inhibitors for NSCLC, as well as other tumor types. 13, 19, 20 However, PD-L1 IHC 28-8 pharmDx is the only FDA-approved complementary diagnostic for the detection of PD-L1 in FFPE non-squamous NSCLC and melanoma specimens using Autostainer Link 48. There are a number of variables that can potentially influence the robustness, precision, and reproducibility of PD-L1 IHC 28-8 pharmDx. Investigating how some of these variables affect product performance is essential to achieve premarket approval as a Class III IVD.
Previously published studies on the assay included information on the generation of the 28-8 antibody clone and antibody sensitivity and specificity testing. 13 Assay robustness, precision, and reproducibility testing was performed in non-squamous NSCLC. 13 Our validation testing using melanoma specimens was designed to investigate some variables that could impact the performance of PD-L1 IHC 28-8 pharmDx in this tumor indication.
Assessment of the prevalence of PD-L1 expression indicated detection across the full range of PD-L1 expression, from 0% to 100%. The distribution of PD-L1 expression across specimens evaluated indicated 52% of specimens exhibited ≥ 1% PD-L1 expression and 36% of specimens exhibited ≥ 5% PD-L1 expression.
Robustness testing was performed to evaluate: tissue section thickness, microscope slide type, PT Link incubation time and temperature, TRS pH, and TRS reuse.
Within the range of parameters tested, we did not observe alteration in the staining quality with PD-L1 IHC 28-8 pharmDx. Variable conditions between clinical laboratories are an inherent component of day to day, site to site, and observer to observer patient diagnostic testing. However, clear parameters must be established to ensure the safety and efficacy of class III IVD devices. Further, the assay showed high analytical precision during internal precision testing, while external reproducibility demonstrated that the assay was reproducible across a wide dynamic range of variables that can affect performance. In addition, established scoring guidelines and a comprehensive pathologist training program aided in the achieved assay performance.
Among medical devices, class III IVD devices, such as PD-L1 IHC 28-8 pharmDx, require the highest levels of review by the FDA, and consistent product performance is essential to achieve premarket approval. The studies described herein demonstrate the robustness, precision, and reproducibility of PD-L1 IHC 28-8 pharmDx in detecting PD-L1 expression, including the selected ≥ 1% and ≥ 5% expression levels in melanoma specimens. The FDA-approved PD-L1 IHC 28-8 pharmDx has the following approved claims: (1) PD-L1 expression in non-squamous NSCLC may be associated with enhanced survival from nivolumab, and (2) positive PD-L1 status in melanoma is correlated with the magnitude of the treatment effect on Testing was performed at 3 external sites. For inter-site and intra-site, 5 independent runs on 5 nonconsecutive days were performed. Inter-observer and intraobserver testing were scored by 3 individual pathologists (1 per site) with a minimum washout period of 14 days.
ANA indicates average negative percent agreement; APA, average positive percent agreement; CI, confidence interval; CN, concordant negative pairs; CP, concordant positive pairs; Disc, discordant pair-wise comparisons; FFPE, formalin-fixed paraffin-embedded'; IHC, immunohistochemistry; OA, overall agreement; PD-L1, programmed cell death 1-ligand 1; T, total pairs. Testing was performed at 3 external sites. For inter-site and intra-site, 5 independent runs on 5 nonconsecutive days were performed. Inter-observer and intraobserver testing were scored by 3 individual pathologists (1per site) with a minimum washout period of 4 days.
ANA indicates average negative percent agreement; APA, average positive percent agreement; CI, confidence interval; CN, concordant negative pairs; CP, concordant positive pairs; Disc, discordant pair-wise comparisons; FFPE, formalin-fixed paraffin-embedded'; IHC, immunohistochemistry; OA, overall agreement; PD-L1, programmed cell death 1-ligand 1; T, total pairs. PFS from nivolumab. The assay has been further clinically validated in nivolumab phase I-III clinical trials examining multiple indications with distinct histologies. 21, 22 In addition, numerous ongoing clinical trials for nivolumab are utilizing PD-L1 IHC 28-8 pharmDx to investigate PD-L1 expression in a variety of tumor types.
